We had earlier identified the pcnB locus as the gene for the major Escherichia coli poly(A) polymerase (PAP I). In this report, we describe the disruption and identification of a candidate gene for a second poly(A) polymerase (PAP II) by an experimental strategy which was based on the assumption that the viability of E. coli depends on the presence of either PAP I or PAP II. The coding region thus identified is the open reading frameJ310, located at about 87 min on the E. coli chromosome. The following lines of evidence support J310 as the gene for PAP II: (i) the deduced peptide encoded byj310 has a molecular weight of 36,300, similar to the molecular weight of 35,000 estimated by gel filtration of PAP II; (ii) the deduced J310 product is a relatively hydrophobic polypeptide with a pl of 9.4, consistent with the properties of partially purified PAP II; (iii) overexpression of J310 leads to the formation of inclusion bodies whose solubilization and renaturation yields poly(A) polymerase activity that corresponds to a 35-kDa protein as shown by enzyme blotting; and (iv) expression of a J310 fusion construct with hexahistidine at the N-terminus of the coding region allowed purification of a poly(A) polymerase fraction whose major component is a 36-kDa protein. E. coli PAP II has no significant sequence homology either to PAP I or to the viral and eukaryotic poly(A) polymerases, suggesting that the bacterial poly(A) polymerases have evolved independently. An interesting feature of the PAP II sequence is the presence of sets of two paired cysteine and histidine residues that resemble the RNA binding motifs seen in some other proteins.
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The recent identification of the pcnB locus (1) as the gene for the major poly(A) polymerase (ATP:polyribonucleotide adenylyltransferase, EC 2.7.7.19) of Escherichia coli (2) has opened the door to the analysis of the function and mechanism of RNA polyadenylylation in prokaryotes on the molecular level. However, although it is clear that the poly(A) polymerase (PAP I) encoded bypcnB is essential for the 3'-adenylation of the antisense RNAs that control the replication of certain plasmids (3) (4) (5) (6) , the observation that disruption of the pcnB locus by a mini-kan insertion (7) leads only to a modest reduction in the level of mRNA polyadenylylation (2) suggests that E. coli has more than one poly(A) polymerases. Indeed, we were able to identify a second poly(A) polymerase (PAP II) in extracts of E. coli with a pcnB deletion (8) .
To elucidate the function of polyadenylylation of mRNA in E. coli, it is essential to define the relative roles of the two poly(A) polymerases in RNA metabolism and processing. This can be accomplished only if the genes for both enzymes are identified. In this paper, we describe our successful strategy for disrupting the gene for PAP II in the absence of a functional chromosomal gene for PAP I, which has led to the identification of the previously unassigned open reading frame f310 (9) as the gene encoding PAP II.
MATERIALS AND METHODS
Bacterial Strains and Plasmids. The E. coli strains used in this study were SK5691 (thyA715, pnp7) (10) , SK6699 (thyA, pnp7, pcnB::kan) (8) , E. coli MZ1 [his ilv rpsL galKam pglA8(bio-uvrB)AH1k' (cI857 N rex)] (11). E. coli InvaF' [endAl recAl hsdR17 (rj mjt) supE44 A-thi-1 gyrA96 relAl F80 lacZaAM15 A (lacZYA-argF)U169)] (Invitrogen) and E. coli BL21 (DE3) [F-ompT (rjm-) DE3] (12) Strains were grown in Luria-Bertani medium and antibiotics were used at the following concentrations: 50 ,ug/ml ampicillin, 50 ,ug/ml kanamycin, and 10 ,ug/ml chloramphenicol.
Plasmid vector pBAD18 (13) , containing the araBAD promoter and the regulatory gene araC, was the gift of Luz-Maria Guzman (Harvard Medical School). pRE1 (14) , a vector designed for the controlled expression of lethal genes, was the gift of P. Reddy (13) , which confers ampicillinresistance and contains the araBAD promoter (PBAD) and araC, a tight regulator of PBAD which allows expression only in the presence of arabinose. To insertpcnB adjacent to the PBAD promoter, we used PCR to amplify this gene from plasmid pREI-1 (2), using primers chosen so as to allow amplification of the complete coding sequence for PAP I. The PCR product was inserted into pBAD18 to yield pBAD18-pcnB. When E. coli SK6699, which had only 20% of the normal poly(A) polymerase levels of the parent strain (E. coli SK5691), was transformed with pBAD18-pcnB, poly(A) polymerase levels increased 35-fold upon induction with arabinose (data not shown).
Transposon Mutagenesis ofE. coli SK6699/pBAD18-PAPI. To disrupt the gene for PAP II in the E. coli strain SK6699/ pBAD18-pcnB, we used the minitransposon TnlO vehicle, ANK1324 (15) , and selected chloramphenicol-resistant colonies by plating phage-infected cells on agar containing ampicillin (to maintain pBAD/PAPI), chloramphenicol, and arabinose. Ten thousand colonies were then screened for growth on two kinds of plates containing Luria-Bertani agar with both antibiotics and either 0.02% arabinose or none. A single ampicillin-and chloramphenicol-resistant colony, T99, was found which grew only in the presence of arabinose but not in its absence, the anticipated phenotype of a strain with minicam disruption of PAP II gene. The phenotype of colony T99 was confirmed by streaking on Luria-Bertani agar plates with the two antibiotics and with or without 0.02% arabinose, but all subsequent efforts to subculture this strain, either on plates or in liquid media, were unsuccessful. In hindsight, such loss of viability should have been expected, because arabinose, at the low level (200 ,tg/ml) used in the agar, would have been substantially depleted around the bacterial colonies, curtailing the synthesis of PAP I. This could have been avoided by subculturing before the colonies had reached their maximum size, as was done in the original screening.
Amplification and Identification of the TransposonDisrupted Gene. The transposon-disrupted gene from the nonviable arabinose-dependent T99 colony was recovered by inverse PCR. Chromosomal DNA (5 gg) from cells of colony T99 scraped from the agar plate was partially digested with Sau3AI, followed by religation at a relatively low DNA concentration (1.25 ng/ml) to encourage circularization. The circular DNA was then amplified by inverse PCR, using primers complementary to the 70-bp inverted repeats at the ends of mini-TnlO (cat), which conveniently contain Sau3A1 sites outside the primer sequence selected (15), as described by Higashitani et al. (18) . The inverse PCR products were ligated to vector pCRII and used to transform E. coli InvaF'. Recombinant clones with inserts were identified and the nucleotide sequence of the chromosomal regions adjacent to the inverted repeats at the end of TnlO insert of two of the clones, T4 and T8, were determined.
Sequences of 50 and 94 bp were obtained from clones T4 and T8, respectively, and used to search for homologous segments in the E. coli DNA data base. Both sequences found exact matches in a region near 87 min on the E. coli DNA data base, sequenced earlier by Blattner and coworkers (9) . As shown in Fig. 1 , the two matches were in the same open reading frame termed 310, which had not yet been assigned a function and whose deduced product is a 310-residue protein of Mr 36,300, in reasonable agreement with the estimated Mr of 35,000 for the second poly(A) polymerase of E. coli (8) .
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Purification (19) . The f310 sequence was excised from plasmid pRE1-f310 with NdeI and BamHI and ligated to vector pET28a cut with the same restriction enzymes, and the recombinant plasmid, pET-28a-f310, was used to transform E. coli BL21 (DE3). A parallel control experiment was done with E. coli BL21 (DE3) transformed with nonrecombinant pET28a. Expression was induced by adding 1 mM IPTG to exponentially growing cultures of the transformed strain. Examination of the extracts of the induced cells by SDS/PAGE revealed the presence of overexpressed 36-kDa protein in the insoluble fraction but not in the supernatant, consistent with the formation of inclusion bodies (Fig. 4A) . Exploiting the His-Tag sequence at the N terminus of the overexpressed protein, we purified the overexpressed protein from the insoluble fraction If proteins produced by solubilization in 6 M urea, followed by affinity chromatogrthe f310 gene. The 
DISCUSSION
In this report, we describe the disruption and identification of a candidate gene for a second poly(A) polymerase (PAP II) by an experimental strategy that was based on the assumption that the viability of E. coli depends on the presence of either PAP I or PAP II. The gene thus identified was the open reading frame f310, which is located at about 87 min on the E. coli chromosome adjacent topoL4 but oriented in the opposite direction (9) . The following lines of evidence support the idea thatJ310 is indeed the gene for PAP II: (i) the deduced peptide encoded by f310 has a molecular weight of 36,300, which is 3.29 0 similar to the molecular weight of 35,000 estimated by gelfiltration of PAP 11 (8) ; (ii) the deduced f310 product is a relatively hydrophobic peptide with a pl of 9.4, consistent with the properties of partially purified PAP II, which binds strongly to hydrophobic matrices such as phenyl agarose, eluting only with difficulty and in low yield (8) , and which adsorbs to sulfopropyl Sepharose but not to DEAE Sepharose, at neutral pH (M. Kalapos and N.S., unpublished results); (iii) overexpression off310 in appropriate expression vectors led to the formation of inclusion bodies whose solubilization and renaturation yielded substantial poly(A) polymerase activity, (iv) SDS/PAGE of the proteins from cells transformed with pRE1-f310 followed by enzyme blotting revealed a single overexpressed poly(A) polymerase activity with a molecular weight or 35,000; and (v) expression of af310 fusion construct with hexahistidine at the N. terminus of the coding region allowed purification of a poly(A) polymerase fraction whose major component (85%) was a 36-kDa protein. The specific activity of the purified poly(A) polymerase fusion protein was 40 units per mg of protein, about 25% of that of the 1000-fold purified preparation of PAP II obtained earlier (8) . The lower specific activity of the fusion protein could have been due to some irreversible inactivation during denaturation of the inclusion bodies and metal ion chromatography, which had to be done in the absence of thiols, considering that PAP II is a relatively unstable enzyme (8) , and perhaps also to the presence of the N-terminal hexahistidine moiety, whose effect on enzyme activity cannot be predicted.
The deduced 310-residue polypeptide product off310 has a relatively high percentage of hydrophobic amino acids, many of which are concentrated in the 50 N-terminal residues as shown by the hydrophilicity plot (Fig. 5) . The high degree of hydrophobicity and the clustering of the hydrophobic residues may be responsible for the tendency of the overexpressed product of thefl0 gene to form inclusion bodies. Another notable feature is the relatively large excess of basic over acidic amino acids; as a result, the protein has a predicted pl of 9. (21) and the secondary structure predictions were based on the method of Garnier et al. (22) , utilizing the LASERGENE software package of DNAstar (Madison, WI). Also shown are the disposition of basic and acidic amino acid residues and the location of the putative zinc fingers. Amino acids are numbered starting at the methionine at nucleotide 157 (Fig. 1) . often seen in nucleic acid-binding proteins and in hormone receptor proteins and referred to as zinc-fingers (23) . The fact that the amino acids surrounding the cysteine/histidine pairs are not strictly in accord with the consensus sequence characteristic of the zinc fingers of DNA binding proteins (24) , especially with respect to spacing of the first Zn2+-binding pair, may be related to different structural requirements for the interaction of poly(A) polymerase with a single strand of RNA. In this connection, it is interesting that the zinc-binding domain of the glutamyl tRNA synthetases of E. coli and several other bacterial species, which has recently been shown to be involved in tRNA binding (25) , consists of the sequence CYCX24CRHI (26) . Another example of a zinc finger with only a single amino acid residue between the upstream cysteine pair is zinc finger 3 ofyeast transcription factor SW15 (27) . The other feature of the deduced f310 translation product that resembles a known structural motif is the hydrophobic N-terminal segment. The 12 N-terminal residue, which include 2 basic amino acids, are followed by 9 nonpolar residues (67% alanine plus leucine) with a-helical tendency (Fig. 5) , similar to the "N" and "H" domains of the N-terminal signal peptides of the bacterial secretory protein precursors (28) . However, whereas the signal peptide "H" domain is generally followed by a "C" domain, which contains the recognition sequence for signal peptidases, and then by a stretch of hydrophilic and acidic amino acids, theJ310 product continues with almost 40 additional hydrophobic and basic amino acid residues. It is therefore unlikely that this extensive hydrophobic and cationic N-terminal domain is a signal sequence for protein secretion and its function in the context of poly(A) polymerase remains to be elucidated. A common feature of the genes encoding PAP I and PAP II are relatively weak transcription or translation initiation elements, which may serve to keep the levels of expression low to avoid possible toxic effects of the kind observed when PAP I is overexpressed (2) . Examination of the f310 sequence suggest the most likely translation start site for PAP II to be the AUG codon at position 157 (Fig. 2) , which, although followed by the favorable sequence GCUA (29) , is not preceded by a discernible ribosome binding site. (Possible alternate translation initiation codons, such as UUG at position 134 or AUG at position 184 are also not associated with recognizable ribosome binding sites.) In comparison, PAP I synthesis starts with the unfavorable UUG initiation codon and is preceded by a very weak ribosome binding site (2) . As far as transcription initiation of1310 is concerned, no sequence that fits the canonical -10 and -35 elements for the major E. coli RNA polymerase can be discerned upstream of the putative coding region, even though transcription must start betweenf310 and the beginning of the divergently transcribed poLA gene. It is interesting that the E. coli dnaG gene, which encodes RNA primase, a protein produced only in very small amounts, also lacks discernible promoter and ribosome binding sites (30) .
There is no sequence homology between the two E. coli poly(A) polymerases, PAP I and PAP II, nor between the E. coli enzymes and those from eukaryotes and viruses, suggesting independent origins and convergent evolution in terms of function. Indeed, PAP I of E. coli, besides being capable of polyadenylylating mRNA (31, 32) , also functions in the replication control of plasmids of the ColEl type by transferring adenylate residues to the 3' ends of RNA I, the antisense repressor of plasmid DNA replication, thereby accelerating its degradation by polynucleotide phosphorylase (4, 5) . The fact that the copy number of ColEl plasmids is greatly reduced in pcnB mutants (1) suggests that this regulatory function depends uniquely on PAP I and that PAP II cannot take its place. The question whether PAP II also has unique functions which cannot be fulfilled by PAP I cannot be answered until strains are available in which the gene for PAP II has been specifically disrupted; however, the hydrophobic N-terminal domain of PAP II suggest the possibility of a membrane-associated function. On the other hand, there is no question that there is also considerable redundance in the mRNA polyadenylylating function of the two E. coli poly(A) polymerase, since disruption of the pcnB gene encoding PAP I has only modest effects on the extent of mRNA polyadenylylation (8) . Indeed, redundancy with respect to enzymes acting on RNA seems almost to be the rule in E. coli. For eXample, 3'-exonucleolytic degradation of mRNA can be effected both by polynucleotide phosphorylase and RNase II, so that mutational inactivation of either enzyme can be tolerated, but not the loss of both (10) . Similarly, there is a high degree of functional overlap among the 3' exoribonucleases involved in tRNA maturation, which include RNase D, RNase BN, RNase T, and RNase PH (33) . The recent discovery of rnhB, a gene encoding a second ribonuclease H (34) is another example of such functional duplication. Most likely, such redundancy serves in part as a fail-safe mechanism to guard. against the loss of a vital function. Ironically, this functional and genetic redundancy has greatly hampered the-genetic analysis of mRNA metabolism in E. coli and is primarily responsible for our ignorance of this vital metabolic area. The identification of the gene for the second E. coli poly(A) polymerase opens the way for the detailed investigation of the metabolic role of mRNA polyadenylylation by studying the consequences of disruption of either or both of the poly(A) polymerase genes.
